Abstract: Kallikrein-related peptidase 6 (Klk6) is the most abundant serine proteinase in the adult central nervous system (CNS), yet we know little regarding its physiological roles or mechanisms of action. Levels of Klk6 in the extracellular environment are dynamically regulated in CNS injury and disease positioning this secreted enzyme to affect cell behavior by potential receptor dependent and independent mechanisms. Here we show that recombinant Klk6 evokes increases in intracellular Ca 2+ in primary astrocyte monolayer cultures through activation of proteinase activated receptor 1 (PAR1). In addition, Klk6 promoted a condensation of astrocyte cortical actin leading to an elongated stellate shape and multicellular aggregation in a manner that was dependent on the presence of either PAR1 or PAR2. Klk6-evoked changes in astrocyte shape were accompanied by translocation of β-catenin from the plasma membrane to the cytoplasm. These data are exciting because they demonstrate that Klk6 can influence astrocyte plasticity through receptor-dependent mechanisms. Furthermore, this study expands our understanding of the mechanisms by which kallikreins can contribute to neural homeostasis and remodeling and point to both PAR1 and PAR2 as new therapeutic targets to modulate astrocyte form and function.
Introduction
Astrocytes are chemically excitable cells that undergo dramatic changes in cell shape in response to environmental cues. Emerging studies suggest these changes play essential roles in regulating central nervous system (CNS) physiology and in the progression of pathologies, including the response of the brain and spinal cord to injury (Pekny et al., 2016) . Kallikrein-related peptidase 6 [kallikrein 6 (Klk6), also referred to as Zyme (Little et al., 1997) ], Protease M (Anisowicz et al., 1996) , Neurosin (Yamashiro et al., 1997) or myelencephalon specific protease (MSP) (Scarisbrick et al., 1996 (Scarisbrick et al., , 1997 Scarisbrick and Blaber, 2012) , is well positioned to participate as a chemical regulator of astrocyte physiology and pathophysiology. First, Klk6 is the most abundant serine proteinase in the adult CNS and its levels are dynamically altered in the context of CNS injury and disease . In the human CNS, KLK6 levels are increased in active MS lesions , after traumatic spinal cord injury SCI Radulovic et al., 2013 Radulovic et al., , 2015 and in high grade astrocytoma (Drucker et al., 2013 (Drucker et al., , 2015 , but decreased in Alzheimer's (Little et al., 1997; Diamandis et al., 2000; Ogawa et al., 2000; Zarghooni et al., 2002; Ashby et al., 2010 ) and Parkinson's disease (Iwata et al., 2003; Spencer et al., 2013 Spencer et al., , 2015 Pampalakis et al., 2017) . Indeed, astrocytes express very low levels of Klk6 in the intact CNS (Scarisbrick et al., 1997 (Scarisbrick et al., , 2000 , however, astrocyte Klk6 is up regulated in response to a variety of insults. Induction of Klk6 expression in astrocytes is observed in several experimental neural injury models, including traumatic injury , excitotoxicity (Scarisbrick et al., 1997) , and in neuroinflammatory conditions . Pro-inflammatory cytokines such as interleukin 6 (IL-6) also trigger expression of astrocyte Klk6 (Vandell et al., 2008; Radulovic et al., 2015 Radulovic et al., , 2016 .
Our understanding of the physiological actions of Klk6 in astrocyte biology and pathology are currently very limited. Prior studies demonstrate astrocytes treated with Klk6 undergo a rapid transition from an epithelioid to a stellate morphology, increase IL-6 expression and secretion (Scarisbrick et al., 2012a,b) and show activation of the mitogen-activated protein kinases (MAPK) (Vandell et al., 2008) and signal transducer and activator of transcription 3 (STAT3) (Radulovic et al., 2015 (Radulovic et al., , 2016 signaling pathways. KLK6 also promotes survival and resistance of astrocytoma cell lines to irradiation and temozolomide with higher tumor KLK6 levels associated with reduced patient survival (Drucker et al., 2013 (Drucker et al., , 2015 .
As a secreted proteinase considerable attention has been focused on the actions of KLK6 as a modifier of extracellular matrix proteins (see Borgono et al., 2004; Sotiropoulou and Pampalakis, 2010; Prassas et al., 2015, for review) . For example, studies show heat-denatured collagen, laminin, fibronectin and aggrecan are all hydrolyzed by Klk6 Blaber et al., 2002; Scarisbrick et al., 2006) . Also, KLK6 cleaves several disease relevant proteins, such as myelin basic protein and myelin oligodendrocyte glycoprotein Blaber et al., 2002 Blaber et al., , 2004 Scarisbrick et al., 2002; Angelo et al., 2006) , amyloid precursor protein (Little et al., 1997; Magklara et al., 2003) and α-syneuclein (Iwata et al., 2003; Kasai et al., 2008; Tatebe et al., 2010; Spencer et al., 2015; Pampalakis et al., 2017) . In addition, it is now clear that certain kallikrein-related peptidases, including Klk6, can site-specifically cleave the extracellular N terminal domain of a subset of proteinase activated receptors (PARs) to alter intracellular signaling and cell behavior directly in a hormone or cytokine-like fashion (Angelo et al., 2006; Oikonomopoulou et al., 2006a,b; Vandell et al., 2008; Scarisbrick et al., 2011 Scarisbrick et al., , 2012a Radulovic et al., 2015 Radulovic et al., , 2016 .
Proteinase activated receptors have seven transmembrane helices coupled to intracellular heterotrimeric G proteins with proteolytic activation unmasking a new tethered peptide sequence that folds back onto the PAR serving as a ligand to elicit intracellular signaling. There are four proteinase activated receptors (PAR1-4) and each is expressed at significant levels across the brain and spinal cord (Citron et al., 2000; Wang et al., 2002; Junge et al., 2003 Junge et al., , 2004 Noorbakhsh et al., 2003; Nicole et al., 2005; Vandell et al., 2008; Yoon et al., 2013; Radulovic et al., 2015 Radulovic et al., , 2016 Allen et al., 2016) . Expression of all four PARs has been demonstrated in purified cultures of murine cortical neurons and purified astrocytes as well as the Neu7 astrocyte cell line (Vandell et al., 2008) . Growing evidence suggests that targeting the activity of select PARs, improves neurological outcomes in experimental models of ischemia (Junge et al., 2003; Rajput et al., 2014) , in the experimental autoimmune encephalomyelitis (Noorbakhsh et al., 2006) and after SCI (Radulovic et al., 2015 (Radulovic et al., , 2016 . Of the several kallikreins examined to date there is evidence that KLK5, KLK6, KLK7 and KLK14 (Angelo et al., 2006; Oikonomopoulou et al., 2006a,b; Vandell et al., 2008) , but not KLK8 (Ramachandran et al., 2012) , or KLK1 (Vandell et al., 2008) , activate PARs. With regard to KLK6, the recombinant enzyme mobilizes Ca 2+ in rat v-K-ras transformed Normal Rat Kidney PAR2 over-expressing cells and mediates aortic ring relaxation in a PAR2-dependent fashion (Oikonomopoulou et al., 2006a,b) . KLK6 also cleaves thereby activating PAR1 in neurons and both PAR1 and PAR2 in the Neu7 astrocyte cell line eliciting increases in intracellular Ca 2+ and differential signaling of MAPK family members and protein kinase B (AKT) (Vandell et al., 2008) . KLK6 also increases B-cell lymphoma 2 (Bcl2) family member signaling in a PAR1 dependent manner to promote survival of human and murine lymphocytes (Scarisbrick et al., 2011) . The ability of Klk6 to promote resistance of glioblastoma cells to irradiation and temozolomide is also mediated, at least in part, through PAR1 (Drucker et al., 2013) . Taken together, these prior studies suggest KLK6 is positioned to regulate cell physiology and pathophysiological responses through receptor dependent mechanisms.
Although we previously demonstrated Klk6 triggers of reactive astrogliosis (Vandell et al., 2008; Scarisbrick et al., 2012a) , the extent to which this relies on receptordependent mechanisms has not been clarified. Understanding the mechanisms mediating KLK6 signaling in primary astrocytes is highly significant as mice lacking PAR1 or PAR2 show dramatic reductions in astroglial scar formation and significant improvements in motor outcomes after traumatic SCI (Radulovic et al., 2015 (Radulovic et al., , 2016 ). In the current study, we use a combination of pharmacologic and genetic approaches to define the roles of PAR1 and PAR2 in regulating the Klk6-evoked Ca 2+ signaling and cell shape changes in primary murine cortical astrocytes.
Results
Kallikrein-related peptidase 6 elicits Ca 2+ signaling in astrocytes by activation of PAR1
The ability of Klk6 to evoke Ca 2+ signaling in primary murine cortical astrocytes was assessed by determining Klk6-elicited changes in fluorescence intensity in Rhod-3 loaded astrocytes ( Figure 1A-F) . Klk6 (150 nm) produced a greater than 2-fold increase in fluorescence intensity over that seen at baseline. Similarly, application of PAR1-AP (40 μm) or PAR2-AP (200 μm), also elicited greater than a 2-fold increase in intracellular Ca 2+ levels (p < 0.001, Student's t-test). Increases in fluorescence intensity caused by each agonist were observed within a few seconds of application and occurred in the majority of cells imaged in each field.
To determine the extent to which Klk6-gated intracellular Ca 2+ increases specifically by activation of astrocyte PAR1, receptor cross-desensitization experiments were performed ( Figure 1A-C) . First, application of PAR1-AP 240 s after the application of Klk6 resulted in a 41% lower Ca 2+ response relative to that seen with PAR1-AP alone (Figure 1A and C, p < 0.001, Student's ttest) . Similarly, when Klk6 was applied 240 s after PAR1-AP, a 48% reduction in Ca 2+ signaling was observed (Figure 1B, C, p < 0.001, . Reductions in signaling after the application of a second agonist are referred to as receptor cross-desensitization with results here suggesting that Klk6 evokes Ca 2+ signaling in primary astrocytes at least in part by activation of PAR1.
To determine whether Klk6-mediated activation of PAR2 may also be involved in Klk6-gated intracellular Ca 2+ increases in primary astrocytes, receptor crossdesensitization experiments were performed parallel to those described for PAR1 ( Figure 1D-F) . First, application of PAR2-AP 240 s after the application of Klk6 resulted in a 29% lower Ca 2+ response relative to that seen with PAR2-AP alone ( Figure 1D and F, p = 0.04, Student's t-test). Similarly, when Klk6 was applied 240 s after PAR2-AP, a 19% reduction in Ca 2+ signaling was observed, although this reduction did not reach the level of statistical significance ( Figure 1E and F). The extent of receptor desensitization observed suggests that Klk6 can cleave and desensitize PAR2. These current findings also suggest that application of PAR2-AP alone is not sufficient to desensitize astrocytes to Klk6-evoked increases in intracellular Ca 2+ signaling.
Kallikrein-related peptidase 6 promotes astrocyte stellation, aggregation and translocation of β-catenin in a PAR1 and PAR2-dependent manner
Klk6-PAR astrocyte stellation
Klk6 is up regulated in astrocytes in a wide variety of CNS insults, including SCI, multiple sclerosis and glio blastoma (Scarisbrick et al., 1997 (Scarisbrick et al., , 2012a Drucker et al., 2013) . Treatment of primary murine cortical astrocyte cultures with Klk6 promotes a rapid change in cell shape, including adoption of an elongated stellate morphology and evident multicellular aggregation (Scarisbrick et al., 2012a) . To determine if these rapid alterations in cell shape and association may be mediated by PAR-dependent mechanisms, we quantified the ability of Klk6 to elicit astrocyte stellation, aggregation, and β-catenin translocation in monolayer cultures derived from wild type (PAR +/+ ) mice or from those in which PAR1 or PAR2 was genetically deleted (Figures 2-4) . First, in wild type astrocytes, Klk6 promoted a dose-dependent increase in stellation, with 30, 150 and 300 nm of Klk6 driving greater than 2-fold increases (p < 0.001, NK, Figure 2A and B). In astrocytes lacking PAR1, only the highest levels of Klk6, that is 300 nm, were effective in promoting stellation. In the absence of PAR1, stellation induced by 30 or 150 nm Klk6 was reduced by 36% and by 46%, respectively (p ≤ 0.002, NK). In astrocytes lacking PAR2, both 150 and 300 nm of Klk6 promoted stellation (p ≤ 0.007, NK), but the magnitude of stellation in each case was reduced by 40-50%. Thirty nanomolars of Klk6 did not promote stellation of astrocytes lacking PAR2. The extent of stellation at baseline did not differ between astrocytes derived wild type mice or those with genetic PAR1 or PAR2 knockout. Taken together, these results suggest that Klk6-mediated alterations in astrocyte stellation occur by mechanisms that depend on the presence of either PAR1 or PAR2.
Klk6-PAR astrocyte β-catenin translocation
β-Catenin plays an important role in regulating cell adhesion and shape and therefore we examined its appearance in astrocytes prior to and after Klk6 treatment, and any role of PAR in the changes observed. Klk6 promoted approximately a 2-fold loss of β-catenin from the astrocyte plasma membrane and an accumulation in the cytoplasm in wild type astrocytes at all concentrations examined that is, 30, 150 and 300 nm (Figure 3 , p ≤ 0.003, NK). The absence of PAR1 or PAR2 completely blocked Klk6-mediated β-catenin translocation from the astrocyte surface to the cytoplasm. These findings highlight a novel role for Klk6 in regulation of β-catenin and indicate that both PAR1 and PAR2 play a critical role in this process, such that the absence of either receptor completely prevents translocation.
Klk6-PAR astrocyte aggregation
Adoption of a stellate shape by astrocytes in response to Klk6 was accompanied by multicellular aggregation, with 1.8-to 2.5-fold increases compared to vehicle treatment alone (Figure 4) . To determine the extent to which Klk6-evoked multicellular aggregation may be linked to activation of PAR, we quantified the distance between nuclei in Klk6 treated PAR +/+ cultures or those genetically lacking PAR1 or PAR2. Consistent with a key role for both PAR1 and PAR2 in Klk6-induced astrocyte aggregation, the absence of PAR1 or PAR2 significantly reduced or blocked the ability of Klk6 to promote aggregation. As we reported previously, Klk6 did not promote an increase in the number of DAPI stained nuclei indicative of proliferation, at least not under the conditions of this study during the 24 h treatment period examined (Scarisbrick et al., 2012a) . These findings suggest that Klk6 promotes astrocyte aggregation by a mechanism that depends on activation of either PAR1 or PAR2.
Discussion
The present studies were undertaken to determine the contributions of PARs to Klk6-evoked changes in astrocyte form and function, with a focus on PAR1 and PAR2 (Vandell et al., 2008; Scarisbrick et al., 2012a; Radulovic et al., 2015 Radulovic et al., , 2016 ). Our findings demonstrate that PAR1 plays an essential role in Klk6-evoked increases in intracellular Ca 2+ in . β-catenin was visualized by immunofluorescence using an Alexa Fluor 488-conjugated secondary antibody along with Cy3-conjugated phalloidin (see Figure 2) and DAPI stained nuclei (see Figure 4) . (*p < 0.05, **p < 0.01, ***p < 0.001, NK). Scale bar = 50 μm.
primary murine cortical astrocytes. We further demonstrate that both PAR1 and PAR2 play significant roles in Klk6-mediated astrocyte stellation, β-catenin translocation from the cell surface to the cytoplasm, and in astrocyte multicellular aggregation. Collectively the findings presented mechanistically connect changes in astrocyte dynamics that we have documented upon treatment with Klk6 (Vandell et al., 2008; Scarisbrick et al., 2012a; Radulovic et al., 2015) to both PAR1 and PAR2. Therefore, Klk6 and PARs are physiological partners regulating astrocyte form and function in the CNS and additional studies to determine how this signaling axis changes with injury and how it can be modulated to foster CNS function and repair will be important aspects of future investigations.
Klk6-PAR signaling regulates astrocyte intracellular Ca 2+ levels
Proteinases are emerging as important regulators of cell behavior by receptor dependent and independent mechanisms. The current studies utilized murine cortical astrocytes with genetic PAR1-loss of function to definitively demonstrate that Klk6 elicits increases in astrocyte intracellular Ca 2+ in a PAR1-dependent manner. These findings are supported by prior studies showing that a PAR1 small molecule inhibitor (SCH79797) effectively attenuates Klk6-evoked increases in astrocyte intracellular Ca 2+ (Scarisbrick et al., 2012a) . The current results also extend prior reports that Klk6 evokes increases in intracellular Ca 2+ in the Neu7 astrocyte cell line by activating of PAR1 or PAR2 (Vandell et al., 2008) . In primary murine cortical astrocytes however, the role of PAR2 was not prominent as PAR1-AP, but not PAR2-AP, significantly desensitized its cognate receptor to subsequent Klk6-mediated increases in Ca 2+ . These findings may reflect the more than 10-fold higher levels of PAR1 compared to PAR2 expression in primary astrocytes (Vandell et al., 2008) , such that Klk6 continues to signal at PAR1, even after PAR2 receptor desensitization. We note that Neu7 astrocytes express at least 10-fold higher levels of PAR2 relative to primary astrocytes at rest and this may account for the ability of PAR2-AP to significantly desensitize sub sequent Klk6-evoked Ca 2+ signaling in this cell line, but not in primary astrocytes. It is also worth pointing out that although the Neu7 astrocyte cell line expresses significant levels of PAR4 RNA, that a PAR4-AP did not elicit a significant Ca 2+ signal (Vandell et al., 2008) . Oikonomopoulou et al. (2006a) showed that KLK6 was not able to activate rat platelet calcium signaling through PAR4. These studies do not rule out the possibility that Klk6 can activate PAR4 to drive non-Ca 2+ -dependent signaling and additional studies are needed in this regard. As PAR3 is also expressed by astrocytes, can serve as a co-factor for PAR4 (Nakanishi-Matsui et al., 2000) and may signal on its own (Ostrowska and ). DAPI stained nuclei were visualized along with actin using Cy3-conjugated phalloidin ( Figure 2 ) and immunofluorescence for β-catenin (Figure 3 ). (*p < 0.05, **p < 0.01, ***p < 0.001, NK). Scale bar = 50 μm.
Reiser, 2008), its role(s) in astrocyte biology will also be an important avenue of future investigation.
Differences in Klk6-activation of PARs underscore how the dynamics of Klk-PAR signaling may be modulated as the abundance of PARs and their agonists change in CNS injury and disease. With regard to astrocytes, PAR2 expression increases on astrocytes at sites of inflammation in human multiple sclerosis and in murine experimental autoimmune encephalomyelitis (Noorbakhsh et al., 2006) . PAR1 also increases on astrocytes in human immunodeficiency virus encephalitis and in multiple sclerosis (Boven et al., 2003) . This study also showed that activation of human astrocyte cultures with PAR1-AP increases expression of IL-1β and inducible nitric oxide synthase and the secretion of neurotoxic factors. Both PAR1 and PAR2 are also increased on astrocytes in the aftermath of SCI (Citron et al., 2000; Radulovic et al., 2015 Radulovic et al., , 2016 , in cortical trauma (Nicole et al., 2005) , and ischemia (Rohatgi et al., 2004) . Taken with dynamic changes in Klk6 in parallel neurological conditions (Scarisbrick et al., 1997 (Scarisbrick et al., , 2012b Terayama et al., 2004; Uchida et al., 2004; Panos et al., 2014; Radulovic et al., 2015) , the Klk6-PAR axis is well positioned to dynamically regulate astrocyte function in the intact and injured CNS.
The functional significance of Klk6-PAR-evoked elevations in intracellular Ca 2+ in astrocytes warrants further study. While astrocytes do not generate action potentials, changes in intracellular Ca 2+ enable astrocytes to exert their activities in a dynamic manner, including interactions with other astrocytes and glia, with synapses, and in the regulation of blood flow (Verkhratsky et al., 1998; Iadecola and Nedergaard, 2007; Halassa et al., 2010; Tong et al., 2013) . Of interest, prior studies show PAR-1 activation elicits astrocyte glutamate release, as detected by NMDA receptor-mediated slow inward currents in nearby neurons (Shigetomi et al., 2008) .
Klk6-PAR signaling regulates astrocyte morphology
Genetic targeting of PAR1 or PAR2 significantly reduced Klk6-driven changes in astrocyte stellation, aggregation and translocation of β-catenin from the cell surface to the cytoplasm. We previously reported that Klk6 promotes astrocyte stellation in vitro in as little as 4 h and that this depends on enzymatic activity (Scarisbrick et al., 2012a) . Also, a PAR1 small molecule inhibitor (SCH79797) attenuates Klk6-stellation. Here we used the power of genetics to definitively establish the role of PAR1 in mediating Klk6-astrocyte stellation in primary astrocytes. Findings here demonstrate for the first time that PAR2 is also a significant regulator of Klk6-mediated astrocyte stellation, as primary astrocytes lacking PAR2 showed marked reductions in Klk6-driven stellation. While the PAR gated signaling cascade(s) mediating Klk6-PAR-stellation remain to be fully elucidated, it is likely that protein kinase C (PKC) plays a prominent role, as the PKC inhibitor Go6983 blocks Klk6-astrocyte stellation (Scarisbrick et al., 2012a) . We note that each of these studies examined astrocytes derived from cortices of the postnatal mouse brain and any differences across brain regions (Farmer and Murai, 2017; Yoon et al., 2017) , or in aged astrocytes, will be an important line of future investigation.
Astrocyte stellation in response to Klk6 was accompanied by multicellular aggregation, an effect that was also highly dependent on the presence of PAR1 or PAR2. Astrocyte aggregation occurs in vivo in the aftermath of CNS trauma and in certain conditions where astrocytes band together to wall off a site of neuropathology from invading inflammatory cells and toxic cytokines (Hamby et al., 2012) . The fact that astrocytes lacking PAR1 or PAR2 show less stellation and aggregation in cell culture in response to Klk6, supports prior in vivo findings that mice with global PAR1 or PAR2 gene knockout show significant reductions in hallmarks of astrogliosis after SCI, including reductions in expression of glial fibrillary acidic protein, vimentin and STAT3 signaling (Radulovic et al., 2015 (Radulovic et al., , 2016 . The current findings support the idea that at least part of the in vivo effects of PAR loss-of-function after spinal cord trauma occur directly at the level of the astrocyte. As mice lacking PAR1 or PAR2 show significant enhancements in overall recovery of function after SCI, the current findings lend support to the concept that PARs may serve as targets to modulate CNS glial scar formation in a manner that supports recovery of function.
The ability of Klk6 to promote multicellular aggregation is consistent with findings demonstrating that human kallikrein-related peptidase 7 (KLK7) promotes multicellular aggregation of ovarian cancer cells (Dong et al., 2010) . In this case, KLK7-mediated aggregation was linked to up regulation of the α5β1 integrin pathway and chemoresistance. Interestingly, human kallikrein-related peptidase 4 (KLK4) likewise promotes ovarian cancer cell aggregation, however through a urokinase plasminogen activator-dependent mechanism (Dong et al., 2013) . Human kallikrein-related peptidase 14 (Klk14), but not KLK5 or KLK6, promoted aggregation of rat platelets in a PAR4-dependent manner (Oikonomopoulou et al., 2006a,b) . Thus, it appears that multiple kallikrein-related peptidases are able to promote multicellular aggregation, albeit in a cell specific manner and through only partially overlapping mechanisms. Results presented here clarify that Klk6 promotes astrocyte aggregation by a mechanism that depends on intact PAR1 or PAR2.
Klk6-PAR mediated astrocyte stellation was associated with the movement of β-catenin from the cell surface to the cytoplasm. Cytoplasmic sequestration of β-catenin with subsequent translocation to the nucleus is linked to an epithelial-to-mesenchymal transition in multiple types of cancer (Kalluri and Weinberg, 2009 ). In the A549 tumor cell line, PAR2-activation by trypsin or matriptase increases expression of COX-2 in a β-catenin dependent manner (Wang et al., 2008) . The possible regulation of β-catenin by KLK6 appears complex, as inhibition in a head and neck tumor cell line (FaDu) promotes an epithelial-to-mesenchymal transition, nuclear β-catenin accumulation and resistance to irradiation (Schrader et al., 2015) . By contrast, KLK6 promotes resistance to irradiation and temozolomide in astrocytoma cell lines in a PAR1-dependent manner (Drucker et al., 2013 (Drucker et al., , 2015 , with the role of β-catenin yet to be determined. In high-grade astrocytoma, nuclear β-catenin is associated with the invasive front of the tumor (Paul et al., 2013) and high levels of WNT/β-catenin are associated with poor patient survival (Sandberg et al., 2013) . Taken with prior studies, the current findings point to Klk6-PAR as an important regulatory node for β-catenin signaling and additional efforts are needed to clarify the full impact on astrocyte biology in general and astrocytoma pathology in particular.
Conclusions
The ability of Klk6 to activate PAR and modulate astrocyte biology, including Ca 2+ flux, stellation, β-catenin translocation and multicellular aggregation, in addition to IL-6 secretion, supports a model in which Klk6-PAR signaling participates in feed-forward and feed-back signaling cascades to promote astrogliosis (Radulovic et al., 2015 (Radulovic et al., , 2016 . We therefore propose that Klk6 and/or the receptors it activates are ideally positioned as targets to modify astroglial physiology and the impact of astroglial dynamics on neural function in the intact, injured and regenerating CNS. In such a model we will need to consider that the nature of astrogliosis varies regionally in the CNS and with the type and state of the injury (Anderson et al., 2014; Morel et al., 2017; Yoon et al., 2017) . Also, different inflammatory mediators generate markedly different GPCR and G protein expression and astrocyte calcium signaling transients (Hamby et al., 2012) , including PAR expression (Noorbakhsh et al., 2005; Radulovic et al., 2015 Radulovic et al., , 2016 . These changes have the potential to alter astrocyte reactive properties in unique ways that may serve to counter stress responses, delimit the lesion and restore homeostasis acutely. In contrast, excessive astrogliosis may impair restoration of the vascular supply and synaptic connections thereby impairing recovery of function (Silver and Miller, 2004; Yuan and He, 2013) . Therefore, additional information regarding the short and long term consequences of Klk6-PAR signaling in the continuum of astrogliosis will be needed to harness the potential power of this novel and disease relevant signaling axis to improve neurological outcomes.
Materials and methods

Mice
The regulatory roles of PAR1 and PAR2 in mediating astroglial Ca org/strain/000664) for more than 45 generations such that astrocytes derived from C57BL/6J mice served as wild type controls (Radulovic et al., 2015 (Radulovic et al., , 2016 . All animal experiments were carried out with adherence to National Institutes of Health Guidelines for animal care and safety and were approved by the Mayo Clinic Institutional Animal Care and Use Committee.
Astroglial cultures
Primary astrocytes were purified from mixed glial cultures prepared from the cortices of postnatal day 1-3 mice as previously detailed (Scarisbrick et al., 2012a; Burda et al., 2013; Yoon et al., 2013) . Mixed glial cultures were grown in DMEM, 2 mm Glutamax, 1 mm sodium pyruvate, 20 mm HEPES, and 10% heat inactivated fetal calf serum (Atlanta Biologicals, Lawrenceville, GA, USA). All cultures contained a mix of astrocytes derived from male and female mice. After 10 days in vitro, contaminating oligodendrocyte progenitor cells were removed by overnight shaking and microglia subsequently eliminated by sequential panning on non-tissue culture treated plastic. Astrocytes purified under these conditions are greater than 95% pure based on immunoreactivity for ALDH1L1 (Radulovic et al., 2016) .
Role of PAR in Klk6-mediated Ca 2+ signaling
The ability of astrocyte PAR1 or PAR2 to gate Ca 2+ signaling in response to Klk6 was determined using a series of receptor cross desensitization experiments involving recombinant Klk6 and peptides that specifically activate PAR1 (PAR1-AP, TFLLR-amide) or PAR2 (PAR2-AP, SLIGRL-amide) without the need for proteolysis. All PAR-APs were purchased from Peptides International (Peptides International, Louisville, KY, USA). Recombinant Klk6 was expressed, purified and activated as previously described Blaber et al., 2002; Laxmikanthan et al., 2005; Scarisbrick et al., 2011 Scarisbrick et al., , 2012a .
Purified cortical astrocytes from wild type mice were plated in serum containing media at a density of 21 400 cells/cm 2 (15 000 cells/well) on poly-L-lysine coated (10 μg/ml) glass chambered slides (Nalge Nunc International, Roskilde, Denmark) for 48 h. Prior to Ca 2+ imaging, cells were loaded with the Rhod-3 calcium indicator (R10145, Life Technologies, Carlsbad, CA, USA). In all experiments, changes in Rhod-3 fluorescence intensity after application of Klk6 or PAR-APs were performed in serum free media and captured with a 20 × objective on an LSM 780 inverted confocal microscope (Carl Zeiss, Inc., Thornwood, NY, USA). The excitation wavelength was 561 nm with emission collected at 595 nm. Rhod-3 loaded astrocytes were imaged for 2 min to establish the baseline fluorescence prior to application of Klk6 (150 nm; 5 μg/ml), PAR1-AP (40 μm), or PAR2-AP (100 μm) with changes in fluorescence monitored over the following 4 min. A receptor cross desensitization strategy was used to determine the extent to which changes in fluorescence observed after application of the first agonist were due to PAR1 or PAR2 activation. In these experiments, either PAR1 or PAR2-APs were applied 4 min after application of Klk6, with changes in fluorescence monitored for an additional 2 min. The converse experiments in which either PAR1-or PAR2-APs were applied prior to Klk6 were also examined. Reductions in fluorescence intensity observed when a second agonist is applied after the first had already activated PAR, is indicative of receptor desensitization and points to the ability of the first agonist to specifically activate PAR. Cells were selected across at least three wells per experiment for analysis, with a minimum of 15 cells being quantified in each segment of cross desensitization experiments. All results were verified using independent cell culture preparations. A baseline intensity value (F 0 ) was created for each cell using the minimum intensity value collected. The intensity (F) of fluorescence emission responses were expressed as the mean ΔF/F 0 =[(F − F 0 )/F 0 ] and a line graph was created to illustrate data collected at 1-s intervals over the entire period of analysis. The mean peak changes in fluorescence ± standard error (s.e.) were plotted as histograms in each case.
Role of PAR in Klk6-mediated astrocyte stellation
To test the hypothesis that PARs play an essential role in Klk6-mediated astrocyte stellation, we utilized a combination of recombinant kallikrein and primary cortical astrocytes derived from wild type mice or those genetically deficient in PAR1 or PAR2. Cortical astrocytes were plated across 12 mm poly-L-lysine (Sigma, St. Louis, MO, USA) coated glass coverslips at a density of 15 000 cells per cm 2 in serum containing media. After 24 h, medium was replaced with defined Neurobasal A media containing 1% N2, 2% B27, 50 U/ml penicillin/streptomycin, 2 mm Glutamax, 1 mm sodium pyruvate, 0.45% glucose, and 50 μm β-mercaptoethanol (Sigma Aldrich, USA). All cells were maintained at 37°C in 95% air and 5% CO 2 . Cultures were treated in triplicate with recombinant Klk6 (30, 150 or 300 nm), or vehicle alone, for 24 h prior to fixation with 2% paraformaldehyde. Fixed astrocytes were subsequently permeabilized with 0.1% Triton X-100 and stained to visualize the actin cytoskeleton using Cy3-conjugated Phalloidin (1 U, Life Technologies). Alternatively, β-catenin was localized by immunofluorescence using a combination of a rabbit polyclonal primary antibody (ab16051, Abcam, Cambridge, MA, USA) and an Alexa Fluor 488-conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch Labs, West Grove, PA, USA). All stained coverslips were slide mounted using Vectashield containing 4′,6-diamidino-2-phenylindole (DAPI) to visualize nuclei (Vector Laboratories, Burlingame, CA, USA). Five standardized 20× microscopic fields encompassing the poles and center of each coverslip were captured digitally on an Olympus AX70 microscope equipped with SPOT software (Olympus, Center Valley, PA, USA). Image J software was used to quantify the extent of astrocyte stellation, membrane or cytosplasmic localization of β-catenin, and nuclei aggregation (Vandell et al., 2008; Scarisbrick et al., 2012a) .
Astrocyte stellation was defined as those cells possessing two or more processes at least one cell body in length and expressed as mean fold change compared to vehicle control in each case (Scarisbrick et al., 2012a) . Astrocyte process length was measured using Interactive Pathology Laboratory software (BD Biosciences, Franklin Lakes, NJ, USA). Cell number in each case was determined by enumeration of DAPI stained nuclei in each microscopic field. The predominant localization β-catenin to the astrocyte plasma membrane or cytoplasm was scored based on immunofluorescence and expressed as fold change over vehicle alone. In each case, cells were treated in triplicate and experiments repeated at least twice. At least 300 cells were scored for each condition without knowledge of the experimental group.
Statistical analysis
The statistical significance of Klk6-elicited changes in astrocyte form and function across multiple groups was determined using one-way analysis of variance (ANOVA) with the Neuman Keuls (NK) post-hoc test, or non-parametric ANOVA on RANKS with Dunn's test. Statistical differences between two groups were determined using Student's t-test or the Mann-Whitney U-test for non-parametric data. All data are presented as mean ± standard error of the mean (s.e.m.). In each case, p < 0.05 was considered statistically significant.
